We report the source size distribution, as measured by ALMA millimetric continuum imaging, of a sample of 13 AzTEC-selected submillimeter galaxies (SMGs) believed to lie at z phot ∼ 3-6. Their infrared luminosities and star-formation rates (SFR) are L IR ∼ 2-6 × 10 12 L ⊙ and ∼ 200-500 M ⊙ yr −1 , respectively. The size of z ∼ 3-6 SMGs ranges from 0 ′′ .10 to 0 ′′ .38 with a median of 0 ′′ .22 (FWHM), corresponding to a median effective radius (R e ) of ∼ 0.8 kpc, comparable to the typical size of the stellar component measured in compact quiescent galaxies at z ∼ 2 (cQGs) -R e ∼ 1 kpc. The surface SFR density of our z ∼ 3-6 SMGs is 160 +610 −82 M ⊙ yr −1 kpc −2 , comparable to that seen in local merger-driven (U)LIRGs, which implies that these SMGs are also likely to be merger-driven. The discovery of compact starbursts in z 3 SMGs strongly supports a massive galaxy formation scenario wherein z ∼ 3-6 SMGs evolve into the compact stellar components of z ∼ 2 cQGs. These cQGs are then thought to evolve into the most massive ellipticals in the local Universe, mostly via dry mergers. Our results thus suggest that z 3 SMGs are the likely progenitors of massive local ellipticals, via cQGs, meaning that we can now trace the evolutionary path of the most massive galaxies over a period encompassing ∼ 90% of the age of the Universe.
Introduction
The most massive galaxies in the local Universe are thought to have evolved to their current state via a series of dry mergers of relatively gas-poor galaxies over the last 10 Gyr (e.g. Newman et al. 2012; Oser et al. 2012; Krogager et al. 2013) . Their ancestors -the so-called 'compact qui-escent galaxies (cQGs) -are found at z ∼ 2 in sensitive, near-infrared (NIR) imaging surveys (e.g. Daddi et al. 2005; van Dokkum et al. 2008; Onodera et al. 2010; Newman et al. 2012; Krogager et al. 2013 ). These cQGs have ∼ 2-5× smaller effective radii (R e ∼ 1 kpc) and are 10× denser than their local descendants (e.g. van Dokkum et al. 2008; Onodera et al. 2010; Newman et al. 2012) and the process by which they form remains a mystery. Recent attempts to probe their star-forming phase using conventional NIR observations resulted in the discovery of a relatively unobscured starburst, seen around z ∼ 2.5-3 (Nelson et al. 2014; ). However, detailed simulations and populationsynthesis modeling suggest that major mergers at z ∼ 3-6 likely play a major role in the formation of the compact stellar component, via dustobscured compact starbursts (e.g. Wuyts et al. 2010; Toft et al. 2014) . We must thus penetrate deep within these dusty environments to reveal this vigorous starburst phase.
Submillimeter galaxies (SMGs) (e.g. Smail et al. 1997; Ivison et al. 1998; Hughes et al. 1998 ) have long been thought to be plausible progenitors of massive passive galaxies around z ∼ 1.5-2 based on their volume densities (Blain et al. 2004; Chapman et al. 2005) . Early source size measurements for z ∼ 1-3 SMGs via an indirect methodusing radio continuum and CO emission-line data -reported a median source size of ∼ 0 ′′ .5 (full width at half maximum; FWHM) corresponding to a radius of ∼ 2-3 kpc (e.g. Tacconi et al. 2006; Biggs & Ivison 2008) . These early studies resulted in the common notion that high-redshift SMGs have larger star-forming regions than luminous, dusty galaxies in the local Universe, indicating that the size of their star-forming region is inconsistent with the compact structure of cQGs (although a few SMGs at z ∼ 2 with compact cores were reported - Tacconi et al. 2008) . The size of starburst regions in SMGs at z 3 has remained largely unexplored, partly because it is difficult to identify SMGs at z 3, partly because the cosmological dimming then makes it difficult to measure their source sizes in the radio regime. There have been a few source size measurements via (sub)millimeter continuum imaging for z 3 SMGs; SMA observations of AzTEC1 at z ∼ 4 and PdBI observations of HFLS3 at z = 6.3 revealed radii of ∼ 1.3 kpc (Younger et al. 2008; Riechers et al. 2013) . However these two are among the most brightest submillimeter galaxies known (L IR > 1 × 10 13 L ⊙ ) and we need to image more typical SMGs with
Sensitivity limitations of existing arrays meant we needed to wait for ALMA in order to measure the far-infrared (FIR) sizes of z 3 SMGs for a significant sample of targets. Here, we exploit high-resolution continuum imaging with ALMA to peer within a carefully selected sample of the most distant SMGs -the most vigorous, dustobscured, starburst galaxies in the early Universe. We demonstrate that they have the compact starburst nuclei necessary to produce the small structures that typify cQGs. We adopt throughout a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3 and Ω Λ = 0.7.
AzTEC-selected z 3 SMGs
Our ALMA program (2012.0.00326.S, P.I. Ikarashi) was designed to study the most distant dusty starbursts, where redshift estimates were based on (sub)millimeter/radio (Carilli & Yun 1999) and red (sub)millimeter (e.g. Riechers et al. 2013) colors. Our parent sample comprises 30 sources in the UDS/SXDF field (Ikarashi et al. 2011; Hatsukade et al. 2011 ) that are Herscheland VLA-faint (Ikarashi et al., in preparation) , discovered originally using the 1100-µm AzTEC camera (Wilson et al. 2008 ) mounted on the ASTE 10-m dish (Ezawa et al. 2008 ). Here we report on 13 of these AzTEC sources, hereafter 'ASXDF sources', each confirmed via a highsignificance (≥ 10σ) detections in our ALMA 1100-µm continuum imaging. Three of the 13 have robustly estimated photometric redshifts based on optical/NIR broad-band continuum images (Ikarashi et al., in preparation) using a similar method to that employed by Caputi et al. (2012) . The remaining ten have lower redshift limits based on an empirical 4.5-µm-redshift relation derived from ALMA-identified SMGs and are too faint in optical/NIR to yield robust photometric estimates. Briefly, the lower limit for each source is estimated by comparing their observed 4.5-µm flux densities with the flux densities expected from the empirical relation, where the empirical relation is the 4.5-µm-redshift plot for a SMG which has a stellar mass (M ⋆ ) one sigma smaller than the median of ALMA-identified SMGs, 2.4 × 10 10 M ⊙ . Given a stacked VLA 1.4-GHz flux density of 15.3 ± 2.3 µJy and the observed ALMA 1100-µm flux density, we expect a photometric redshift, z 3, for the ASXDF sources, based on their radio/(sub)millimeter color (e.g. Carilli & Yun 1999) . Adopting the spectral energy distribution (SED) of an average SMG from Swinbank et al. (2014) yields z = 4.0 +0.4 −0.3 , suggesting that our sample is indeed located at z 3, as one would expect for a sample selected to be Herschel-and VLA-faint.
Flux densities at 1100-µm range from 1.5 to 3.4 mJy, corresponding to star formation rates (SFRs) of ∼ 200-500
12 L ⊙ for the SED of an average SMG at z = 4. The properties of the sample are summarized in Table 1. 3. Source-size measurements
Data, method and results
We measured the source sizes of our ASXDF sources using ALMA continuum data centered at 265 GHz. Our ALMA observations were obtained in three blocks, with only small differences in antenna configurations between blocks. Seven of the 13 ASXDF sources were observed with 25 working 12-m antennas, mainly covering baselines up to 400 kλ, corresponding to physical baseline lengths of 440 m. The remaining six sources were observed with three more 12-m antennas, deployed for tests on longer baselines, covering up to 1200 kλ or 1320 m. The extended-baseline data from 400 to 1200 kλ are used here only as supplementary data because of their limited uv coverage. The synthesized beam size in ALMA continuum images using baselines up to 400 kλ is ∼ 0 ′′ .7 (FWHM) which is too coarse to resolve possible compact starburst nuclei in high-redshift SMGs.
In this paper we have measured source sizes using the visibility data directly -on uv-amplitude plots (hereafter uv-amp plots) -assuming a symmetrical Gaussian 1 as was done in previous stud-ies, to exploit the long-baseline (≤400 kλ) data for source size measurements (Figure 1 ). Sourcesize measurements using uv-amp plots have often been made by previous studies using, e.g., SMA and CARMA, in order to better constrain the size of largely unresolved sources in an image (e.g. Iono et al. 2006; Younger et al. 2008; Ivison et al. 2010; Ikarashi et al. 2011) . In this paper, we have polished this method owing to the high data quality from ALMA. We have evaluated the accuracy of our source-size measurements using a MonteCarlo simulation, for the purpose of correcting for any systematics and obtaining more reliable source sizes. We generated 82000 mock sources with a symmetric Gaussian profile in noisy visibility data, for a range of source sizes and flux densities that cover the putative parameter range of our ASXDF sources. We measured source sizes and created cleaned continuum images in the same manner as we had done for our real targets, in order to derive a relation between the input source size, the measured source size and the signal-to-noise ratio in a continuum image. Figure 2 shows the derived relation in 'raw' measured source size by fitting in uv-amp plot and the 'actual' size input for the simulation, each versus source size for continuum detections of 10 and 15σ. This plot demonstrates that our source size measurement is correct within 1σ and that an actual source size should be systematically a little bit larger than a raw measured source size. We adopt source sizes after a correction based on this relation for measured source sizes. The measured source sizes are listed in Table 1 . The source sizes of our sample range from 0 ′′ .10 to 0
′′ .38 with a median of 0 ′′ .22 (Figure 3 ).
Ancillary long-baseline data
Our source-size measurements are based on the assumption that each SMG has a single and unresolved star-forming component.
Although our data cannot justify this assumption for all of our sources, it is worth mentioning that three of the most significant detectiions with 1200-kλ data -ASXDF110.053.1, 013.1 and 027.1 -are revealed to have a single compact structure in continuum images with an angular resolution of 0.
′′ 2 (FWHM) and an r.m.s. of surements at ≤ 400 kλ.
0.13 mJy beam −1 (Figure 1 ). The images detect each of ASXDF1100.053.1, 013.1 and 027.1 with 11, 9 and 6σ, respectively, as a single compact component. Figure 1 shows uv-amp plots of these three sources, all the way up to 1200 kλ. The estimated sizes are consistent with the longer baseline data, within the estimated errors, indicating that our source size measurement method works well.
4. Are z ∼ 3-6 SMGs more compact than z 3 SMGs?
Our studies have revealed that the typical physical size (median, R e ) of starburst nuclei in z ∼ 3-6 SMGs 2 is ∼ 0.75 kpc (for z = 4). ). These radio and CO sizes were measured by Gaussian fitting, as with our measurements, so the comparison is fair. Errors in calibration cause smearing in interferometric data, but we have no reason to suspect that these larger measurements are due to flawed calibration. If radio and (sub)millimeter continuum and CO line emission trace star-forming regions, Figure 3 implies that z ∼ 1-3 and z 3 SMGs have different characteristic sizes. However, local (U)LIRGs were also reported to have smaller FIR sizes than CO line(s) (e.g. Sakamoto et al. 1999 Sakamoto et al. , 2006 Wilson et al. 2008 ) and radio continuum (Section 5.1.1 in Elbaz et al. 2011 ). In addition, the sizes of radio-detectable SMGs may be affected by radio emission related to radio-loud active galactic nuclei (e.g. Ivison et al. 2010 ). We are not sure what causes the size discrepancy seen in Figure 3 -size evolution with redshift, or genuine size differences between regions emitting in CO, radio continuum and (sub)millimeter continuum. However, our results (Figure 3 ) defy the common wisdom that all SMGs have large starburst regions, as often contrasted with local (U)LIRGs in the literature (e.g. Tacconi et al. 2006; Biggs & Ivison 2008; Rujopakarn et al. 2011 ) and demand further observational study of SMGs.
5. z 3 SMGs as progenitors of the compact quiescent galaxies at z ∼ 2 Toft et al. (2014) suggested a plausible evolutionary connection between z ∼ 3-6 SMGs as merger-driven ULIRGs and z ∼ 2 cQGS, based on the following facts: i) the star-formation history of z ∼ 2 cQGs (Krogager et al. 2013 ) matches z 3-6 SMGs; ii) the NIR sizes of z 3 SMGs are compact enough for them to be progenitors of cQGs; iii) simulations suggest that major mergers at z 3 can generate compact stellar components (e.g. Wuyts et al. 2010) . Our results provide direct evidence that starbursts in z 3 SMGs are compact. We plot the sizes of z 3 SMGs alongside the NIR sizes of compact star-forming galaxies (cSFGs) at z ∼ 2-2.5 ) and cQGs (Krogager et al. 2013 ) as a function of redshift in Figure 4 . The size of the starburst region in z ∼ 3-6 SMGs is comparable to (or smaller than) the (NIR) size of the stellar component in z ∼ 2 cQGs, supporting the idea that compact dust-obscured starbursts in z ∼ 3-6 SMGs generate the extremely compact, dense stellar components of cQGs.
Compact star-forming galaxies at z ∼ 2-2.5 were reported recently as a possible progenitors of cQGs, based on NIR spectroscopy of emission lines and NIR source size measurements, but without direct size measurements of the star-forming region. cSFGs have similarities with cQGs: cSFGs have similar NIR structural profiles as cQGs (Nelson et al. 2014 ) and the formation redshift of cSFGs is also similar to that of cQGs . These facts could imply that z 3 SMGs evolve into cQGs via cSFGs (Figure 4 ). Note that suggests the posibility of disk instability (e.g. Dekel et al. 2009; Ceverino et al. 2010) as another path to make cSFGs and cQGs, based on simulations, in addition to major mergers at z 3. Our results make the evolutionary scenario suggested by Toft et al. (2014) more plausible. Given that z ∼ 2 cQGs are thought to evolve into local giant ellipticals mostly via dry mergers (e.g. Bezanson et al. 2009; Newman et al. 2012; Oser et al. 2012; Krogager et al. 2013) , our results indicate that local giant ellipticals probably experienced an SMG phase at z ∼ 3-6.
Are z 3 SMGs merger driven?
The compact sizes of z 3 SMGs can be explained more easily by invoking major mergers than by invoking disks. Here, we compare the surface SFR density (Σ SFR ) of our z 3 SMGs with that of high-redshift disk galaxies at z ∼ 1-2 from the literature (Tacconi et al. 2013; Daddi et al. 2010) . We took four BzK galaxies with CO J=2-1 sizes from Daddi et al. (2010) and 18 high-redshift disk galaxies with CO J=3-2 sizes from Tacconi et al. (2013) as our sample of high-redshift disk galaxies. These CO sizes are derived assuming Gaussian profiles. The SFRs of these galaxies are ∼ 50-500 M ⊙ yr −1 and their sizes (R e ) range from 3-12 kpc. The distribution of Σ SFR for the high-redshift disk galaxies is 1.0
On the other hand, that of our z 3 SMGs, again based on Gaussian profiles, is 160
Given that Σ SFR for local merger-driven (U)LIRGs is 10-1000 M ⊙ yr −1 kpc −2 (Rujopakarn et al. 2011) 3 , z 3 SMGs seem more aligned with the mergerdriven scenario. Recent semi-analytical simulations (Lacey et al., in preparation, Lagos et al. 2012) support the idea that these z 3 SMGs are mergers. According to these simulations most galaxies with
11 L ⊙ at z ∼ 3-4) are undergoing a galaxy merger, suggesting that most (U)LIRGs at z > 3 are merger-driven. These results also support the evolutionary scenario by Toft et al. (2014) wherein z ∼ 2 cQGs are formed via major mergers. Why then do we not see clear morphological signatures of merging in our images -e.g. the statistically significant fraction of interacting doubles revealed by careful identification work (Ivison et al. 2007 )? The answer is not clear, since we currently lack dynamical diagnostics. Continuum and CO-line imaging of a significant sample of SMGs with still higher angular resolution, ∼ 0".05 (FWHM), is clearly required, as accomplished so spectacularly during the current long-baseline commissioning campaign at ALMA. 
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All values in this table are measured on ALMA data not on AzTEC data. 1 L IR and SFR assume average SED of ALMA-identified SMGs ) and z = 4, with a Chabrier IMF (Chabrier 2003) . L IR and SFR have a small dependency on redshift at z = 3 − 6 (±10%). 2 Re is derived from the half width at half maximum (HWHM) assuming a symmetric Gaussian profile and the physical scale at z =4. HWHM corresponds to Re in a symmetric Gaussian profile. 3 Our fitting stops at 0 ′′ .039 meaning that these sources are unresolved. Our data does not have enough sensitivity to measure such small sizes and the sizes are determined by simulations in these cases. Monte Carlo simulation in noise visibility data for ALMA sources with 10 and 15σ ALMA continuum detections. Gray dots mark mock sources with 15σ detections. This plot shows how the input size for mock sources compares with the size measured by fitting to the uv-amp plot. Error bars show 1σ for the input source size distributions. The plot indicates that measurements for low signal-to-noise sources get less effective at 0 ′′ .10, requiring larger corrections . Fig. 3 .-Size distribution of z 3 SMGs, as measured directly in dust continuum at 1100 µm, in comparison with the radio sizes (Biggs & Ivison 2008 ) and CO emission-line sizes (Tacconi et al. 2006 ) of z ∼ 1-3 SMGs. The sizes measured for z 3 SMGs are about half of those measured in the radio and CO for z ∼ 1-3 SMGs.
